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FORECASTING AND ESTINIATING CROP YIELDS FROM PLANT MEASUREMENTS
by LEarL E. Housismanx and Harorp F. HUDDLESTON
- Statistical Reporting Service,
United States Deparimient of Agnculture, YWashinglon, D.C.

There are sev - ral potential sources of informution

for purposes of Jorecosting crop viclds. One is eve
estimates or appraisals made either by farmers or
traincd observers. Such-observations may be taken
at specified times during the growing scason.  Then,
after several wears’ da been accumulated.
appropriate smodcls mayv be established w mch

bs used current!y tor converting the appraisals into
yield forecasis.  In the past, forecasts or rop vields
in the United S:ates have bren based primarily on
appraisals nwdc by farmers. Forccasis based on
historical vizld and weather data are another pos-
sibility.  Much research has been done to find a
reliable basis for forecasting vield from current year
weather data. But. in o i ]

been far ﬁ‘on cncoumg ng.

mcthods. our eﬁ‘oris for several vears  hav
focused on the possibilitics of forecasiing yvields from
plant measurements.  The results have been promis-
ing and, as a mawer of fact, operating p

making forecasts rom plant measurements have hee
implemented for four leading crops, colion., maize,
wheat, and sovbeans, and ior several tree crops,

yrograms {or

h <

walmu:, OTANZEs. petans. ped whes, and filberts,
efore discussing vield .o.u .xtul and estimation
from plant measurement, a brief indication of how

are seleci-
ed wili be given.  Each June a probabiiity urea samplk
survey is conducted which provides infermation on
acreages planted o various crops and on livesioc
and other items. In this survey all delds in cach
sampling unit are delincated on acxml phoiozra
and the kind of cron ¢

wzined, For e

the sample of ficlds and pio:\ '.‘.'::}
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Within coch saminie

-ed, essentiatly by vss of randorn
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plots are murked by smadl sy so the =ame piots
may b“ \‘-:itcd from time to time during the growing
on Lo obliin the dutn needed for m: ining forevasts,

The plots are harvesied as soon as the crop is mature
for purposes of estimating ) cld  Inmediately afier
harvest, the ficlds are again visited, using unodkr
sample of plots, in order 1o measure harvesting
fosses, that is, the amount left in the field.

The Statstical Reporting Sorvice had in operation
for the 1963 crop scason a program of prehanvest
ampling for winter whcat, maize, cotlon, and sody-
beans. as summarized in Teble 1. Measurements
for forecasting were taken on 1 May, |
1 Julv for winter wheat and on 1 August, | Sep-

tember and 1 October for the spring planted crops,

w

Tune and

'm:u'zc. cotton, and soybeans.

For tree crops there is a major interest in fore-
casts several weeks prior to harvest. Preharvest
sampling is not being done as this mpcars to ofier
little advantage over waiting f e

t
VanlagZe over for estim
reports on amounts haivest d c&pcci;\.H_\"
when the total crop is harvested within a sh
Itcidentally, the dx"ﬂOlh’l{ of some cops {
picked as a result of solective h.mu ing may vary
considerably from vear 1o vear.

In the develepment of statistical models, three
ume periods might be considerad because each pre-
sents a ditferent kind of problem. The firstis the
short period just prior to harvest when the probiem

r
is {imited to developing a-+'aro;\ri::c sampling and

o
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TARLE 1. - PREHARVEST SAMPLING IN 1965
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_developed folinee,

“and mcans of cont:

etimation iwohiiques as forccasting is not involved.
Mony are amilicr with preharvest sampling, a tech-
nique that as quite generally been called crop cut-
ting.  All telds may not maturs at the time,

. R 1y e ey . ¢
so the daies for this short preharvest period can
vary from field te ficld, which requires advance
knowledge about when cach sample neld s likely

sdme

to be har :sted. - This is known from the observa-
tions take during the erowing scason and from

contacts wiih the s
The sccend time portod might be called lats scason.
It begins wah the dute whon all fruit? has be on set
or the timo when, if any additional fruit is set] the
probability of 1t ceoninibuting 1o the vield s zero
for practicii purposes.  Hence, for the second period
as just dei'ned, the problem can be stated as that
of predicti~g the survival of the fruit and predict-
ing what the average size of fruit will be at the ume
of harvest. 1
The thira period is the time after the plant has
but preceding the date when all

fruit has been ser.

Preharvest estimates

As already indicated, the problem of preharvest
estimates is ossenticlly one of sampling and estma-

tion, not forecasting, A mintmum ol about three

years should be allowed to develop and implement
an operating program of vield esiimates for a crop

In fact. if the unal
ceesaful preharnvest survey on an oper-

a well- 'WI »d

from preharvest observations.
is to have a suc
ational basis during the third vear.

intensive ¢ffort by experienced mathematical statisti-
cians in this line of work is ncoded.
Typically, the first vear's effort would be limited

to a very small number of fields to obtam preiiing

nary measures of
plots and oiher ¢

; cis of sample desien, and to
develop operating ins

ructions for . pilot survey the
next vear. I\ILCF!EJ[I‘-C rechnigues of measuring the
yicld on small plots would be tried. This would
include consideration of \ariot'" maans of 10\.;. ng
sample plots s’w":\i'.:!‘.' and ascertaining the advan-
tages of alternuiive insirunients or sczzim‘.‘.un. Po-
tential sourc bias would be idenufiod
In addition, for
developing means of wo.umiiiog haressiing lesaes,
sample plots shoukd b Thus
the goal of Gio dre develop, as

fully as pos<ibic fur 23T, . sound,

o5 of crior or

rof comsidered.
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variibiliny for c.\mbhthg size of :-~

- -asis—To- obrin as good independ

intensive and extensive
it might be one il or one fow
ipated for a fully operational program.
sccond year’s expericnce much better
should become available on
and ume requirements for purts of the job
so the sample desizn can be opmmzcd. QLAJH['\
checks on the ficld work should provide a busis for
improvement  of dicld procedures which must be
rigorous and tightly controlled.

Exnerience has indicated that preharvest
estimates (adjusted for harvesting Josses) may be
on a different level than estimates derived from
reports from farmers. Which is correct, if cither?
Since potential biases are inhiereni in the procedutes,
it is important that provision be made for ascertain-
ing the validity of the preharvest sampling and esti-
mating techniques. The probability of seicction of
each plot s very small, so an unusual amount of
attention must be given to aveidance of nonrandoem

1 the sirs antic-
rFrom the
mformation

various |

g - o~ St 1
orkers may not be complerely ohjoe-
~~ £ e T . - ~ .-z
rooess of locating sc.n.p!v p!an R

to be harvested is re-
placed by a worker’s own personal definit
Imcrf)mmnon. ‘

rooots
UL

the definiton of the

dent check. depending upon the crop. Take maize
as an example. Farmers generally do not have

weight mcasurements of the amount harvested and
often have anly approximate measurcs on a volume

cnt check. specind
th a small number
seiting e otd welght and
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harvesied from perticalar tields. Sample plots in
these fickds should be selected and harvested using
procedures tdentical o those used in the surnvey.

The number of plois would need 1o be large enough
to give estmates having low sampling c:rror so that
any approcieble i

nine con he Jdereered

may be necessary for such factors as dif
MO PETcening: ot the time of
sampling and ’.h: time cof _harvest: “ Also,
comparing yield estimates and actual \n:‘o from the
Aatice harvesied ﬂ-"d. one <houl<_ be on the -alent
for inconsistencies in concepts of acreage. One of
the problems arises from thc possible dilference
between the actual land area of b

e
the field frony which
samiple prots are selocted amd what a frmer e
i

when

JRIR I

ds e oacromee iaog Aelde )
Pocopurpesey of samiplinas b ofton ey

ostvvi s e proauy

gor plant anmd somber of plants por acre ol in
case ul cotton, for example, s
the numiber of boils per

AT - 1 N
the product of we

per boll,

pilat operation using asample

varimnee  components -

vield

TThere are various ways of getting a vafid indepen-




number of plants per acre. Some factors are simple
and 'inmpcmi'\ to moasure, witle others may be
time consumin  or ditiicelt 1o monsure accuraiely.
A good examyic iy the counting of cotton plants
in contrast. to picking cotion of counting ihe fruit
an a cotion rlant. An opinrn sampling plan
considering tim: and Variance components mayv call
for countiny ¢} plunts moa two-row plot 20 1ot
long, whereas observations such as dewdled frun
counts might b2 dimited o only a fow plants in a
plot.

Matters of & mpling desion could be dise ussed 2
length; being  ~essed. however, is the lm"ormnu
of a balanced . .iurt ziving rigorous, tizhtly control-
led procedures reguiding all iIﬂI‘lC‘xLJ:‘l( sources of
error. Experic <¢ has indicated thilt Giacrent biases
can be elimina .J or contralled ¢fivctively by inten-
sive training 7 the field smffl close supenvision,
quality checks, and providing clear. concise. well-
defined ficld p ocedures: but astute observation is
essential for the identitication and control of factors

S e I U R T
af}cc‘:lng the Guadily o1 IClulis.

SOME- ADVANTAGES OF PREHARVEST SAMPLING .

Estimates derived from preharvest sampling are
available earlier than estimates  from postharvest
farmers’ ports. Prior to harnvest. a former can
report only his appraisal of the crop prospecis. On
the other hand. estimuzes based on preharvest sam-
pling must be based on average harvesting losses or
delayed unul such time as har\.';umq os¥es cun be
determined from gleaning semiple plows after harvest
oo Inaddition 10 the advantage of objectivity, pre-
harvest sampling provides o means of eciting much
valuable information that cannot otherwise be easily
obtained. By mcans of luborutory analysis of sam-
ples taken frowa ticlds. mrormation on various
tributes of cromp \;u‘:! tv can be made avaiteble, Cro
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quality, components of vield, and harvesting losses,

can be refated to-varictes, cultural practices, weather.,
and other factors.  Also, if deemeds, wurthwhile.
information on some tvpes of fasect damage. such
as the number of ears of muize damuged by maize
carworms, can be reudily obtzined.

Late season forecasts

Forecasting the vield of a crop at periodic inter-
vals during a growing season is obvieusly much more
diflicult than u:z:‘.t.!
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may be used to prodict conpenonts of vicld, Fore-

cast formudas iust b b ook ppan obsenndie plant

N +

characteristios wnd o conpwehpnsive .‘.,.m!u. ot

the fruiting bonndor e the crop. The
st transiate plant characierisuds obsendd on any

date into aveirate forecasis, [noscontrast to the

[23

developnient of a prograim for preharvest sempling.
any tme sehedule for developing and perfecting
forecusting ]W(‘L‘Cd:tl‘l‘.\ is much wore tenuous. A
m'ijor reason for this is the nccessity of having
“between yvears expertence” for the formulation and
testing oi models.  In fuct, one may continue o
use more than one model for a particular crop afier
a forecusting procram becones operational in order
to give e most promising aiternatives a longer
time test.

PREDICTION OF NUMBER OF FRUIT

It is known that the probability of survival is’

related 10 maturity of the fruit. which suggests the
following simple model, assuming no weighting be-
cause of variation in sampling rates is involved:

N = Np N,

where NV, = number of fruit per plot in the ith
maturity category,
P, = probability that a fruit in the ith

maturity catezory will survive and
contribute to the frunage,
N = estimated numiber of fruit that will
- b2 on the plants per plot at the
‘ time of harvest.

The probatilisv. .. is a fuaction of time. that is.
the probability of survival for a.small cotton boll
on 13 August, for ‘\'amnic. is not the same as the
probability for a I boll on 15 Seprember. [nci
dentaliyv. our _:_ er 11 experience suggesls. at least

for some crops, that an index of the &
of development may provide a betier time reference
r catendar dete. More will be said on that
point a little later. '
The problem of dcﬁni:m maturity clusses differs
ious crops.  Cotton. for exam-

than a ¢

widely among the var

pley nas clearly demarcated stages. A trained ob-
server cun accvrziely clussity the fruit. On the other
hand, the demarcation of ‘maturity” categories for

cars of maize s more Cnuous.
majer, shilicd c,‘.’o:‘t s roguired

dards, training, : T
ing unitormitv of classification among field
é'n-d between veurs.

To ghinin adequate information on the probabil-
itics of survival, observations nved 10 be waken art

; oy i E -
frequent mrervals during the fruiting norind  fo
3 e : Ay M FRTCT SN S B -
several owvearse This een b dene byooo !
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After ~overal vears of eapeniences wih o ocolion,

.
sood miormaion by omatuniy categories bocunie
1 . " ey i ey i t Ty s
avatbubhle on roaos of strvival, that s the fraction
(]
r

of the {iuit ffw[ would coniripnte to the e
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In Fizure . the average rate of survival in relation
to the stage of development of the crop is shown
for squares (buds), which is one of the fruit =moturity
categories used in the forecusting model Tac megre
advanced a crop is at the ume of obsenvotion the
lower the probability that a square will contribute
to the vield. The stege of crop development s
measured by an-index which 18 the ratto ol larze bolis
to all bolls in the sample plots. From similar rela-
tonships for other maturity cateories, values for
P, in the forccasting model ure obizined.
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Mgturity ndex

For somea crops the eounting of {ruit by maturity
categories may not br necessary.  The orange crop
is 2 good example. The forccast of the number
of fruit at harvest is simply the product of the pres-
ent fruit count and the probability of survivall
which is a function of time. 'T;:k'-w maize oS an-
other example, after maize ears have silked. ther
praciically no disanpearance o!' cars.  Hence after
sitking 1s completed =+he torecasicd number of curs
at harvest is the same as the prumt count.  How-
ever. the cars may bz classified into maturity cate-

is

' €

Zories for puiposes vi-Torecasting car size o harvest,

Instead of ciassilving individual fruic an siterna-
tive is to classify the sample plots by wm'..r:u.. Thus
with reference to the for:
Nowould represent the towal number of fruit in plots
Lla\\ d in the jth category divided by, the tota! num-

or of plots in the sumple. und 2, would be the cor-

N ot 5ogre
responmding rate of surviva

.
- AL A o0 SR
mula prosonted above.
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date. This would averd the necessiny of tugoing
fruit. which for some crops may not be praciical,
as a means of gelting informaiion on rate of sunvival.

However. it appears that models b:lscd on muniduat
1

fruit maiurity are cenerally betier thun modals based

on av erage m;:zurx._\ of plm\. A second aiernative

rather t];m mdn r\.-.kz! fruie

Pararmiciers in the mod
upduted becane of oo
Placitoos and 1o avaiine,
matron.  Adso, different sors of varnmerers oy e

neoded by areas peeause of fenzith of growing ~cason,

rrivation, vaneid difirenoos, or oder factess,

AVIRAGL WEIGHT CR SIZI OF FRUIT

As in forcunsti:‘.g the number of Truit ot time of
harvest, intensive study of growth patierns of a crop
is necded 1o develop relinble moeans of predicung
the average size (or weight) of fruit at ume of har-
vest. Fon tng the, number of l‘ruin Is generally
lm; carlier in the scason. than fore-
cusung average frait stze. Thus, fu; the eariy part
of the late season as defined hercin, it may be botter
to use an historical average fruit size (possibly ad-

justed fortrend) than to attempt a forecast from plant

observations.  The methods used to foreeast fruit
siz¢ \"'1-*\' with the crop but fall in one of two general
ategories: (1) projections made from growth curves
or \3) regress ion models obiained by gorrd atng ob-
servations on a given duate with final size. One
example of cach will be cited.

Study of the growth of citrus has revealed that
the relative jncrease in size of fruit bziween 1 Sep-
tember and harvest is nearly constan: from wvear to
vear,  The growth pattern follows a lezarithmic curve
which provides cood basis for pr:\‘ a! prm'id-;d-
stage of maturiny i3 used as a vme rofere
than calendar date. Projected estimuaics of frutt size
and number of fruit at time of harvest are converted
to numboer of boxes, using informution oommcd
from packing houses to establish the relutionship
beiween fruit size :md number of {ruit per box.
Thus the vield forccasis are cxpressed as number
of boxes. ’

With regard to muaize, (wo models are used 1o

rernal weight per oeur at harvest. One
terories from

i

—

forecast xe i
enlalis predictions by ear maturity ¢
mcasurcments of car size. The other method invelves
forceasting the harvest we ‘w'}u from current dry

weight of Rerneb 23 foilows

where 1 = forceasted  weight o7 kermels per

ear at 13 porcont o Disture,

Ny Nt - T 1.

1 == (SR F I ENYEN 5{;_\ N ‘l\klﬂ'?,!),

P == z.‘\‘-ﬂdu.d DIGROriRn o current dr}'
weizht e hanvait we dht at 13 per-
cant molsiur it e g funciion of

{ Trent
N — o )
. CUrrent ot weten

funcrion hf.\?n;

from historics
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Taglf 2. - FOLICAST AND SAMPUING TRROURS FOR COLION!

LA LpUSt o Preharvest

Item Year ... ) . ‘
CFLe o OFE? \(mrvi i

{ : i :

i P

POt 1663 3.6 3.0 3 2
1964 | 6.1 33 {43 0 b

! i !

Boll weight (groas per ; ) !
boll) ......... PSRN S 7SR | Y U S 8 [ 5.05 ., 0,037
WWhd L D0aY 0 0620 F.8y 0 0.032

; ; : :

Gross yield (pounds of . : : !
hint per acre) L. 1663 7.9 4.8 370 9.8
9.2 5.0 3 L1043

1ot

'Data are fror: @ sample of L2200 ficlds representing a region
conmprised of § & tos, ~ * Foredisl error. see toxt, - ¢ Sampling
standard error of the mean.

taken may d:er considerably from onc datwe to

another during “he scason.  However. Tables 2 and 3

give a partial  smmary of the dezree of forecasting
1

success.  Regrn fing the torms of roference used in

this paper, the Septembeor forecast of cotton is a
late scason forecast, whereas the August cotton fore-
cast and the Mayv and Tune forecasts of wheat are
carly scason forccasts.

The errors of forecast shown in these tables are
root mrean square errors computed as follows:

S
—

S
FE= l < ()’i'“"‘i):"”

L «
where 3, = the actual vicld, or componcat of
vield, for the two plots in the ith
sample ficld ot harvest,
¥; . = the corresponding forecast of vield
or a compornent]
n = the number of sample ficlds. and
FE = error of forceast. B
The errors of forecast do not include sumpling error

. >~ g ~ . .
associated with sc!:c:mn of fields and of plots within

TABLE 3. - FOREC \ST AND SAMPLING ERRORS [0R WINTER WHEAT !

May . Jene Praivaryest

Item Y AT e e e e
v FE* .« FE*  Mean: SE3
[ S : : b e
i ! %
TNumber of heads rer plog] 1942 EY 32 3 4.9
1993 4.0 2.2 3is D2y
] i H
Weight per head {grams)* | 1942 0088 " iR 5 0404 g
n g )
- 1963 0.0y LONT 0 0.3 0 Dot
Gross vield (bushsls per : j
TS st DAZE PLARL TR (AR
[ a3 0 WoAsl 253 30

VO Yom A
1 fg.u. oo, s
Do

el forger head \\ux,h

Pl poses of L).JOH\IH‘]" noudls

ficlds.  They reflect only between ficlds within yeurs
varfability of th foregnst component of error. Duia
rceded befere between years'

can be adequately measured.

for additional voars are .
error of forccast

A
Early sciwion forccasts

Research work on carly scason forec ax‘ing from
plant measurements has been less extensive than for
fate scason. For treg crops the duration of “late
scason™ 15 quite leng. and “‘early season’ forecasts
have not been attempred.  Cotton, wheat. maize.
and sovbeans have received the most attention in
the development of early scason forecast modpls,

Growtly patterns among dllfcrr nt nlant spx
so varied that not much can be said ubout a gencral
approach for fin€ing a torccnstim model.  The nature
of the problem obviously changes rapidly with the
stace of development.  An hmportant aid in develeop-
ing good hypotheses m 'k it be exisung dhukd data
an num.m d plant characteristics starting in ad-
vance of the firs f coust date up ro harvest. Such
data, however, usually come fro:n 150 lALd studies
and therefore should be ; rded a reliable for

del *>p:c1:111y values of
paranmiers.,

Some crops start fruit over a relatively long pericd
and may have many fruit on a plant with 2 wide
ranac of maturiy " Cotton_is a2 good example. . For

a forecast of number of frutt. when rart of the fruit
ha b: cn set, one approach is to add a term 1 the
plab.? thty  of survival  modet disoussed earlior,

namely, a term for addivional frulr expecred atharvest
from fruit not set. For the | August torecast of
coniehy i Telat
cotton bolls at harvest from fruit not set
maturity index is being used. To establish

,'..,"..."‘,". oo | R Ed - . . . .
AU, atuie dCL dL UHEE O UUdL Vo st

) mods

be trceed so that bolls at harvest from fruir not
setocan be counted.  fncidemally,

for early cotion forccasts. called “'the rate
of fruiting” model, has been developed.t This moedel
is more complex and will not be discussed here.

Far wheat, the Ma forecast of number of
iy predicied from stk counts wiing a reladonship
ostablished from historical dewa. Weizht ef grain
per head is reluted o plont i
weirht 15 adiusted

for nlant dencity rathe
Laad e average for scveral years.

I appears that an historical average weight per
fruit may be

there is control! of cultc HH P*ul s sueh as ‘m‘moq

Q80 \1.1&«01\ b;!\m for a forecus
N

~—
-
-
o
[}
s}

. i3 {5 M -y
and the thinning ol woe

[ N - L 0 I .

frde froov veartovear. An histond RS

o o Yan emtr e O N e e "
pran oahy o hoosatisoase R B O I e Y S S () A S

SHuddicvon, HOEL and Ronior WUEL Foreoasniey corion vielids
from Senir qad o plaonr ciaracterigios, Unpuhbished paree, Sooe
wntber ] ‘(X.;.

ionship between e T number of

another type ‘of



arca, say soveral states, so that the average environ-
ment for Lo whole arca is about the same {ram
year 1o yoar even though the environment for any
given sm i} Jocality may vary considerably from
year to yJuar. '

Summary .

The pr liction of crop vields from plant counts -

and measrements, in licn of furmers” reports on
crop coadiifon. s at least two major advantugas:
(1) by-product information tlm is available. or

obtainabl: by  making ming nnd;:‘;::z:ians, and
(2) greater abjectivity. Powol fut b¥-produact in-

formation includes changes in components or atiribu-
tes of yicld over time and compurisons of vield charace-
teristics arnong varicties or cultural practices, With

F 2ol

regard to objectivity, farccasts bus:d on farners'
reporis are 1o a greater Jesree subjoct to VicTinde
in hunon judoment, For example, farmcts” appriis-
als tend w0 be cnn\cr‘.':‘:i\c in g avear folloning o
poor crop.  Also farmers” appraisals oy not include

an accurate cerrent redzction of the impact of " ch ul;;a B

in varictics or culiure! practices. Althouegh chung
ing farm praciices may alter the parameters in h
models, the impact of such changes on fruit counts
and size Is woeasured currenty. We feel confidern.
that a forccasting syvstem based on plant counts and
Hleasdrenicnis s more responsive to changes in farm
practices than farmers” appraisals,

The pr;dmlmn models are still in the early stage
of development. However, as resulis have been ~very
encouraging, continuad rapid development in the usc
and refineraent of models is anticipated.
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